ABSTRACT Mosquitoes vertically transmit many arthropod borne viruses, and as a consequence arboviruses are often present within the larval environment. We tested the hypothesis that Aedes aegypti (L.) and Aedes albopictus (Skuse) larvae were susceptible to dengue virus through two infection methods: exposure to dengue in the larval growth environment via viral supernatant, and exposure to infected tissue culture along with viral supernatant. In addition to investigating for the Þrst time the susceptibility of larval Ae. albopictus to dengue virus, we analyzed the infection rate and viral titer of infected pools of Ae. aegypti when exposed to multiple serotypes of dengue. We found that both Ae. aegypti and Ae. albopictus larvae were susceptible to the three dengue virus serotypes to which they were exposed regardless of the exposure method and that there were signiÞcant differences between the serotypes in infection titer and infection rate. The Þnding that larval Ae. aegypti and Ae. albopictus are susceptible to dengue indicates that dengue might be able to spread among larvae within the larval habitat potentially contributing to the persistence of dengue in the environment.
Dengue virus (DENV, genus Flavivirus, family Flaviviridae) is currently the most serious arboviral threat in the world. More than 2.5 billion people in over 100 countries live in areas with endemic DENV transmission and up to 1% of the worldÕs population may be infected every year with one or more of the four DENV serotypes resulting in Ϸ10,000 deaths (Kyle and Harris 2008, Guzman et al. 2010) . Primary infection with DENV generally results in dengue fever, a painful self-limited febrile illness characterized by headache, fever, and rash. Disease manifestations with increased clinical severity require hospitalization and are dependent on the immune status of an individual and the infecting genotype of DENV (McBride and BielefeldtÐOhmann 2000) .
The two primary invertebrate hosts of endemic DENV are the peridomestic species Aedes aegypti (L.) and Aedes albopictus (Skuse) (Chen and Vasilakis 2011) . Ae. aegypti, the primary vector of DENV is found in tropical and subtropical regions throughout the world and is well adapted to urban areas and the domestic environment (Wong et al. 2012) . Ae. albopictus originated in Asia but is currently found throughout the western hemisphere, Europe, and Africa because of a dramatic increase in geographic range that began in the 1980s (Lambrechts et al. 2010) . Ae. albopictus has been considered a secondary vector of DENV because it feeds on a broader range of vertebrates and has a less intimate association with humans, however, the role of Ae. albopictus in a recent arboviral epidemic indicates that Ae. albopictusÕ vector potential is signiÞcant and should not be overlooked (Tsetsarkin et al. 2007 , Paupy et al. 2009 ).
In addition to the horizontal transmission of DENV to humans, DENV transmission also occurs within Ae. aegypti and Ae. albopictus populations (Rosen et al. 1983; Rosen 1987a Rosen ,b, 1988 Bosio et al. 1992) . The most thoroughly documented mechanism by which DENV is transmitted among mosquitoes is through vertical transmission from an infected female to her progeny (Freier and Rosen 1987 , Bosio et al. 1992 , Joshi et al. 2002 , Cecṍlio 2009 . When vertical transmission occurs, the percentage of infected progeny may exceed 10% and Þlial infection rates in excess of 40% have been reported when eggs laid by an infected female were incubated for Ͼ1 mo (Freier and Rosen 1987 , Bosio et al. 1992 , Mourya et al. 2001 , de Castro et al. 2004 . Increased Þlial infection rates after a prolonged incubation may be a consequence of DENV replication within the egg (Guo et al. 2007 ). Additionally, Ae. albopictus males are capable of unidirectional venereal transmission to uninfected females (Rosen 1987b) whether male Ae. aegypti are also capable of sexual transmission has yet to be investigated. Vertical and sexual transmission of DENV among mosquitoes is thought to contribute to the persistence of endemic DENV in the environment (IbanezÐBernal et al. 1997 , Joshi et al. 2002 , Adams and Boots 2010 .
Another potential mechanism for viral ampliÞcation within mosquito populations could occur among larvae (Miller et al. 1978 , Turell et al. 1990 ). Susceptibility of Aedes mosquito larvae to arboviruses has been reported for Rift Valley Fever virus, La Crosse virus, Yellow Fever virus, Japanese B encephalitis virus, St. Louis encephalitis virus, and West Nile virus when larvae are placed into a viral suspension (Peleg 1965 , Miller et al. 1978 , Turell et al. 1990 . Although an initial study investigating the susceptibility of larval Ae. aegypti species to DENV (Peleg 1965) reported that larvae were susceptible to DENV when exposed to infected dead chick embryos, that study did not thoroughly investigate infection rates, infection rate variability among serotypes, or the viral titer of infected mosquitoes. Here we report results of experiments in which the susceptibility of larval Ae. aegypti and Ae. albopictus to DENV was assessed. We tested larval susceptibility to three viral strains representing three of the four DENV serotypes, and did so using two possible infection routes: exposure to free virus in the larval growth environment via viral supernatant, and exposure to infected tissue culture along with viral supernatant. In addition to investigating the susceptibility of larval Ae. albopictus to DENV for the Þrst time, we analyzed the infection rate and viral titer of infected pools of Ae. aegypti when exposed to multiple serotypes of DENV. We found that Ae. aegypti and Ae. albopictus larvae were susceptible to DENV-2, -3, and -4 and that there were signiÞcant differences between the serotypes in viral titer and infection rate.
Materials and Methods
Mosquitoes, Virus, and Cell Culture. The Ae. aegypti colonies used in this study were established from adults collected in Palm Beach County, FL, and had been colonized for Ͻ1 yr. The Ae. albopictus colony was established from adults that were Þeld caught in Louisville, KY, and had been in the laboratory for Ͻ1 yr. Mosquito populations were maintained at 30ЊC Ϯ 1.0, 70% relative humidity (RH) with a photoperiod of 14:10 (L:D) h. Adult mosquitoes were fed regularly on pigÕs blood and were given cotton swabs soaked in a 10% sugar solution. After hatching, mosquito larvae were reared in reverse osmosis water and were provided with TetraMin Þsh food (Tetra Werke, Melle, Germany). Dengue-2 strain D00-0137, Dengue-3 H-87, and Dengue-4 P-84 were kindly provided by Dr. Kathy Hanley (New Mexico State University) and propagated in African green monkey kidney cells (Vero). These Vero cells were maintained at 37ЊC in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-Glutamine, and 0.10 g/ml gentamicin.
Experimental Exposure of Larvae to Dengue. To determine whether larvae were susceptible to infection through exposure to free virions in MEM, second instar Ae. aegypti and Ae. albopictus larvae were placed into wells of a 24-well plate containing DENV supernatant that was collected 5 d postinoculation from Vero cells inoculated at a multiplicity of infection of 0.1. Every 24 h for 4 d larvae were rinsed twice in 150 ml of reverse osmosis water, and placed into a fresh virus pool. After a 4-d exposure period, larvae were rinsed twice in 150 ml of distilled water and were reared to pupation in containers with 150 ml reverse osmosis water and TetraMin Þsh food at 28ЊC. No pupae emerged during the exposure period. Larvae were also exposed to infected cell culture plus viral supernatant to determine if ingestion of infected cells was necessary to develop infection. Larvae exposed to infected cell culture plus supernatant were exposed in an identical method except that the wells they were placed into contained an infected monolayer of Vero cells. Immediately before larvae were exposed to DENV a 150 l aliquot of supernatant was taken for the determination of exposure titer for both exposure methods. For a small subset of assays, another 150 l aliquot was taken 24 h later to determine the decrease in exposure titer. Control larvae were exposed to virus-free MEM or virus-free MEM plus uninfected cell culture in an identical manner. In a previous experiment we found that larvae were able to successfully develop in supernatant harvested from uninfected cells (data not shown).
Assay for Infection Outcome. Upon pupation, pupae were rinsed in distilled water and pooled into groups of 3Ð5 mosquitoes. Each pool was then homogenized in MEM with antibiotics by manual grinding in a 1.5 ml micro centrifuge tube with a polycarbonate pestle (USA ScientiÞc, Ocala, FL); Þltered through a 0.22 M pore Þlter (13 mm PVDF, Fisher ScientiÞc, Pittsburgh, PA); and the Þltrate was frozen at Ϫ80ЊC for later assay of virus titer. Some pools contained third or fourth instar larvae along with pupae. To determine if the mosquito pools were infected with DENV, the Þltrate was then serially diluted and used to inoculate conßuent Vero monolayers in 24-well plates. These cells were then incubated at 37ЊC for 2 h, and overlaid with 0.8% methylcellulose dissolved in MEM supplemented with 2% FBS 2 mM L-glutamine and 0.10 g/ml gentamicin. Thereafter they were incubated for 5 d and then the monolayers were immunostained (KPL, Gaithersburg, MD). Viral titers in infected pools were recorded as Log 10 focus forming units per milliliters (ffu/ml).
Statistical Analysis. The estimated number of mosquitoes that became infected after DENV exposure was calculated with pools of variable size using the method of C.T. Le (Le 1981) . Additionally, the minimum and maximum infection rates were also determined by calculating the minimum and maximum number of mosquitoes that could be infected given the number of positive pools. For each species and serotype combination, the maximum infection rate is calculated by assuming that every mosquito from a positive pool is infected (number of mosquitoes within positive pools/number of mosquitoes in each treatment). The minimum infection rate was calculated by assuming that only one mosquito in each positive pool was infected (number of positive pools/number of mosquitoes in each treatment). We assessed the dependence of the binomial response variable pool in-fection status on the Þxed predicator variables serotype, exposure method, and their interaction using SAS PROC GLIMMIX (SAS 9.3, SAS Institute, Cary, NC). Using the reduced dataset of only DENV positive pools, we then assessed the effect of the Þxed predictor variables serotype, exposure method, and their interaction on the viral titer of infected pools using SAS PROC GLM. SigniÞcant main effects were followed by pairwise contrasts of means (TukeyÐKramer adjustment for multiple comparisons, SAS 9.3). The titer data from pools were log-transformed before statistical analysis to improve normality.
Results
In total, 540 Ae. aegypti and 164 Ae. albopictus in pools of 3Ð5 mosquitoes were assayed to determine susceptibility of larvae to DENV-2, -3, and -4 (Table  1) . We found that both mosquito species were susceptible to all three serotypes of DENV (Table 1 ; Fig.  1A,B) . Exposing Ae. aegypti larvae to either viral supernatant or viral supernatant and infected cells in the growth environment did not result in a difference in the proportion of pools that were infected (F ϭ 0.19; df ϭ 1; P ϭ 0.66), nor was there a signiÞcant serotype by exposure method interaction (F ϭ 0.06; df ϭ 2; P ϭ 0.94). Overall the estimated percentage of larvae infected ranged from 4 to 23%, and there were signiÞ-cant differences in the susceptibility of Ae. aegypti to the three DENV serotypes (Fig. 1A) . None of the control larvae were infected (data not shown).
Exposure titer aliquots taken at the end of a 24 h exposure period found that exposure titer decreased Ϸ10-fold for all three serotypes (data not shown). After the 4-d exposure to DENV, larval development time within secondary containers averaged Ϸ7 d, which provided a sufÞcient incubation period for DENV to replicate within larvae. The average development time and exposure titer for each species-serotype combination are provided in Table 2. For Ae. aegypti, we also quantiÞed the titer of DENV positive pools ( Fig. 2A) . Interestingly, larvae became infected with DENV after exposure to titers (3.3 ϫ 10 4 ffu/ml) that were lower than the titers observed in a number of positive pools. In several cases, the titer of positive pools was greater than the titer to which they were exposed (Fig. 2) . As was true regarding the infection rates, the titer of infected pools did not differ signiÞcantly between exposure routes (F ϭ 0.10; df ϭ 1; P ϭ 0.74), nor was there any exposure method by serotype interaction (F-1.04; df ϭ 2; P ϭ 0.36). Therefore, we combined the Ae. aegypti data from the two exposure methods for statistical comparisons between serotypes. In Ae. aegypti the probability of detecting virus in a pool of pupae differed signiÞcantly among serotypes (F ϭ 3.96; df ϭ 2; P Ͻ 0.02). This pattern is driven because of signiÞcantly higher infection probabilities after DENV-2 exposure than after exposure to DENV-4 (F ϭ 2.80, df ϭ 120, P Ͻ 0.01; Fig. 1A ).
Among Ae. aegypti pools that were positive for DENV, we detected a signiÞcant overall difference among serotypes in mean titer that was driven by DENV-2. Larvae exposed to DENV-2 had a signiÞ-cantly higher viral titer relative to the DENV-3 exposed larvae (F ϭ 5.76, df ϭ 1, P Ͻ 0.01) DENV-4 exposed larvae also had a signiÞcantly higher pool titer Fig. 1 . MinimumÐmaximum infection range (black line) and estimated infection rate (diamond marker) of (A) Ae. aegypti and (B) Ae. albopictus larvae exposed to DENV-2, -3, and -4. The letters over the estimates indicate the results of pairwise comparisons of serotypes from a logistic regression with serotype, exposure method, and their interaction as predictor variables, and recovery of virus in the test pool as the response. Each letter that appears multiple times designates pairs of serotypes that did not differ signiÞcantly at P ϭ 0.05, controlling for an overall alpha across multiple comparisons of 0.05. Exposure methods did not differ signiÞ-cantly.
relative to DENV-3 (F ϭ 4.19, df ϭ 1, P Ͻ 0.04) though this contrast was no longer signiÞcant after adjusting for multiple comparisons. The differences in mean pool titer between DENV-2 and DENV-4 were not signiÞcant (F ϭ 2.12, df ϭ 1, P Ͻ 0.15; Fig. 2A) .
Although sample size limitations preclude statistical analyses in Ae. albopictus, differences among serotypes in rates of larval infection do not appear to be consistent across mosquito species. Whereas DENV-2 exposure yielded a higher proportion of infected pools than DENV-3 in both species, the relative rates of infection for DENV-3 and -4 differed between the two species (Table 1; Fig. 1 ).
Discussion
Larvae were exposed to DENV for 4 d, rinsed thoroughly, and then transferred to secondary containers to complete their development in distilled water; larval development continued for an average of Ϸ7 d (range, from 6 to 14 d) after DENV exposure (Table  2 ). It is likely that there was a small quantity of DENV carried over into the developmental containers either attached to the surface of the larvae or free DENV carried over from the exposure supernatant. Given the signiÞcant dilution of exposure media during the two larval rinses and the decrease of DENV infectivity in solution it is extremely unlikely that any DENV incidentally carried over into the developmental containers would remain viable throughout the duration of larval development (Sithisarn et al. 2003) . Similarly, within the developmental containers any DENV attached to the exoskeleton would be exposed to water and over time would become uninfectious, and DENV attached to the exoskeleton would be shed during molting as larvae developed. Most of the microßora within the midgut is expelled before pupation during the Þnal defecation of fourth instar larvae (Moll et al. 2001) . While solid material remains within the midgut of the pupa after the larval-pupal molt (data not shown), this is unlikely to account for the observed DENV in pools of pupae as the high titers observed in the pools strongly supports viral replication (Fig. 2) . Furthermore, the midgut epithelium undergoes histolysis during the pupal stage removing a major barrier for viral entry, so that any virus present in the midgut at pupation will have access to the pupal tissues. Similarly, the foregut and hindgut are lined with cuticle that is shed with the exoskeleton during the molt. Because of this, it is unlikely that DENV detected in pupal pools represents virus within the gut or attached to the cuticle of pupae that remain uninfected. Therefore, we believe that the potential for false positives because of environmental contamination of uninfected pupae is very low in our study.
Within the larval habitat, larvae would most likely encounter DENV through the consumption of infected mosquito carcasses. Invertebrate carcasses are a nutrient-dense resource and larvae are attracted to and consume dead invertebrate carcasses (Daugherty et al. 2000 , Yee et al. 2007 ). We have found that dead larvae will often be completely consumed by other larvae within 24 h (data not shown). Though DENV, like other arboviruses, does not remain infectious in the environment between hosts, for more than several days, the rapid scavenging of carcasses ensures that larvae will come into contact with DENV when infected mosquitoes die within the larval habitat (Miller et al. 1978 , Turell et al. 1990 ). When infected larvae or aegypti and (B) Ae. albopictus larvae infected with DENV-2, -3, and -4. Black markers indicate pools that had a higher titer than the exposure titer to which they were exposed. Gray markers indicate pools with a higher titer than the minimum exposure titer to which larvae were susceptible. The letters over the estimates indicate the results of pairwise comparisons of serotypes from a general linear model with serotype, exposure method, and their interaction as predictor variables, and pool titer as the response variable. Each letter that appears multiple times designates pairs of serotypes that did not differ signiÞcantly at P ϭ 0.05. Exposure methods did not differ signiÞcantly and were pooled. adults die in the larval habitat, their carcasses are a potential source of infection to the larvae that consume them.
While the DENV titers in larvae infected through vertical transmission are not known, the titer of infected adults can be above 1 ϫ 10 6 ffu/ml (Salazar et al. 2007 ). We found that larvae were infected with DENV after exposure to titers as low as 3.3 ϫ 10 4 ffu/ml indicating that the viral threshold to larval infection is relatively low. Larvae infected with DENV may have increased mortality rates (Joshi et al. 2002) , therefore, it may not be uncommon for larvae to come into contact with infected carcasses. DENV is capable of replicating to high titer in larvae. Given that DENV titer within positive pools was greater than that necessary to infect larvae, our results indicate that infected larvae may be infectious when consumed (Fig.  2) . Future research is necessary to determine the titer of larvae infected through vertical transmission in natural populations.
Overall, we found that Ae. aegypti larvae exposed to DENV-2 had a signiÞcantly higher probability of becoming infected than those exposed to DENV-4. DENV-2 infected Ae. aegypti pools had a signiÞcantly higher titer than those infected with DENV-3 ( Fig.  2A) . The DENV-2 used in this experiment is a Southeast Asian (SEA) genotype. The SEA genotype has a number of consensus mutations that result in efÞcient replication and the SEA genotype has been shown to replicate to higher titer than DENV-2 American (AM) genotype in both adult Ae. aegypti and human monocytes (Cologna and RicoÐHesse 2005, Chaudhry et al. 2006) . Ae. aegypti is also more susceptible to the SEA genotype than the AM genotype and as a consequence the SEA genotype has competitively displaced the AM genotype throughout much of the western hemisphere over the last 30 yr RicoÐHesse 2003, San Martin et al. 2010) . The higher probability of infection and titer associated with the SEA genotype in this study suggests that this virusÕ replication advantage extends to larval Ae. aegypti mosquitoes as well.
DENV transmission, known to occur between mosquitoes by both vertical and sexual transmission is believed to facilitate the persistence of DENV in the environment during periods unfavorable for transmission to humans (Rosen 1987a,b; de Castro et al. 2004; Angel and Joshi 2008; Cecilio et al. 2009 ). While vertical and sexual transmission do not occur at rates high enough to support long-term persistence in the environment, vertical transmission may contribute to the temporary persistence of DENV in the environment and play an important role in DENV epidemics (Kuno 1995; Adams and Boots 2010) . Given the susceptibility of Ae. aegypti and Ae. albopictus larvae to DENV (Table 1; Fig. 1 ), even at relatively low titers, the increased mortality of infected larvae (Joshi et al. 2002) and consumption of dead larvae within larval habitats (unpublished observation) horizontal transmission of DENV within larval populations could occur. Horizontal transmission of DENV could maintain or even increase infection rates in larval populations and therefore increase the rate of infected adults emerging from the larval habitat, potentially contributing to the persistence of DENV in the environment in the absence of ampliÞcation in human hosts. Therefore, further study of the interaction between DENV and larval mosquitoes, including the potential of horizontal transmission among larvae in the ecology of this important emerging disease, is warranted.
